no change in informational efficiency. Devani et al. and our paper document that the changes in dark liquidity occur largely on a single trading venue, where almost all marketable flow came from retail investors. Both our paper and Devani et al. use trader-level data to demonstrate that the impact of the MPIR is not uniform across all trader types, and that this has important implications for understanding the results. Foley and Putnins consider the impact of the MPIR for the aggregate market using public data and therefore cannot identify the differential impact of the rule by trader-type.
Given that these papers have far-reaching implications for future policy decisions in many major world markets, it is critical to understand the drivers of the differences. In this section we briefly compare how we reach our respective conclusions, and we highlight some key differences in our respective works. Given the consistency of our results with those presented in Devani et al. we do not provide any further comparison of their paper with ours.
OA.1.2. Identification of the main impact: retail order flow
Both our paper and Devani et al. document that the main observable change in behavior after the MPIR is a significant drop in volume on market Ad. Other venues are largely unaffected. Foley and Putnins do not discuss the differences in results across markets in their paper (although Table 1 in their paper shows this result). An important institutional feature of market Ad is that almost 100% of all marketable orders on this market were from retail traders.
After the MPIR, one of the main changes in behavior is that the retail flow that formerly cleared in market Ad is directed to the public, lit market. This detail is critical when drawing conclusions about the impact of MPIR and dark trading in general.
OA.1.3. Classification of one-vs. two-sided dark liquidity
Foley and Putnins' analysis separates dark trading into one-and two-sided dark liquidity.
They do not provide a formal definition of one-and two-sided dark liquidity but instead focus on a data-driven classification. Specifically, they classify dark liquidity as one-sided when trades occur at the midpoint and classify liquidity as two-sided when the trade executes at fractional prices. They argue that one-sided liquidity describes a situation when only buyers or sellers are present in the market at any point in time (for if there were both buyers and sellers, they would trade at the midpoint), whereas two-sided liquidity describes a situation when both buyers and sellers can be in the market at the same time. They further argue that two-sided liquidity can only exist when traders can post limit orders at different prices (for if buyers and sellers post the same price, they would trade). The hypotheses that they develop and test require a correct classification of these types of liquidity.
However, this data-driven classification becomes problematic in light of the institutional features of market Ad. By design, after the MPIR, all trades in dark markets trade at the midpoint and Foley and Putnins therefore classify all trades in Ad as one-sided. However, many of these trades in Ad involve two-sided liquidity. Liquidity providers can and commonly do restrict their passive midpoint orders to trade only against "seek-dark-liquidity" orders, which are exclusively available to retail traders. Therefore at any point, liquidity providing buy and sell orders can sit at the midpoint at the same moment in time, and in market Ad, almost 100% of trades thus involve two-sided liquidity in the spirit of their description, before and after MPIR.
OA.1.4. Sample selection
Although Foley and Putnins' headline results state that dark trading is beneficial to market quality, their internet appendix makes it clear that these results are due to the inclusion of non-liquid securities in their sample. Specifically, in their internet appendix they compare their work to ours and state that "[t]he results also show that [...] Foley and Putnins' conclusions therefore are driven by six to 12, relatively illiquid stocks, rather than the full sample of 242 securities.
OA.1.5. Measuring proportional spreads in declining markets
There is one additional piece of information that we want to bring to the readers' attention: spreads measured in basis points of the prevailing midpoint are very sensitive to price changes. When we plot the time series of spreads in cents over our sample period, there is no discernable change. When plotting average quoted spreads in bps, on the other hand, one could argue that post MPIR, there was a (small but visible) increase in spreads. However, in November 2012, Canadian stock prices experienced a very substantial price drop. To illustrate the possible impact of this price drop, consider Figure OA.1. It plots the average quoted spreads in bps against the inverse of the average midpoint price. It is clear from this figure that the two series move in almost perfect lockstep. In our analysis, we control for this price effect by including returns from a U.S. commodity price index as a control variable. 1 In our regressions, this variable absorbs the variation in quoted spreads in bps.
OA.1.6. Other Differences
Foley and Putnins' sample consists of 242 of the 248 TSX Composite securities. We use 92 securities that are cross-listed in the U.S. and "highly liquid" as defined by IIROC (most of these are also in the TSX Composite Index). We exclude non-cross-listed securities because these were subject to a major regulatory change that happened at the same time as the introduction of the MPIR. Namely, on the same day, IIROC repealed short-selling restrictions for non-cross-listed securities, which could arguably put downward price pressure on non-crosslisted securities. The second structural difference in our studies is the sample horizon: they consider trading from August 15 to December 15, and we consider trading from August 27 to November 30. We end our sample before December 1, because the main exchange, the TSX, implemented a major technological change on December 1. This change involved a speed upgrade of the kind studied by Brogaard, Hagstroemer, Norden and Riordan (2015); following their work, this change had the capacity to affect behavior significantly. Foley and Putnins provide a short discussion of the different time horizons and of the restriction to cross-listed securities in their Internet Appendix, arguing that these differences do not affect their results.
OA.2. The institutional setting

OA.2.1. Additional details on the rules governing trading in Canada
The Toronto Stock Exchange (TSX) is the primary listing venue for large companies in Canada. Like other major markets around the world, trading in TSX-listed stocks is fragmented across multiple exchanges and Alternative Trading Systems (ATS). Securities trading and the activities of market participants in Canada are regulated by the Investment Industry Regulatory Organization of Canada (IIROC) 2 and are governed by the Universal Market Integrity Rules (UMIR).
Most of the core elements of the UMIR are similar to those governing trading in the U.S. equities markets. Brokers and marketplaces are required to respect the order protection rule, which mandates that orders must be routed to the marketplace with the best-priced orders available on lit markets. Brokers are also subject to obligations regarding best execution for client orders. 3
In the context of our study, there are three critical differences between trading rules in the U.S and Canada. First, the order protection rule in Canada applies to the whole-of-book rather than the top-of-book as is the case in the US. Second, Canada also imposes a strict version of an order exposure rule, 4 with few exceptions. This rule requires that client orders below a certain size be immediately sent to a marketplace that publicly displays prices. This rule severely limits the practice of broker internalization, which occurs when a broker trades against their customer's order instead of sending the order to a public marketplace, and the practice of selling retail orders to market makers. 5 Third, unlike the US, Canadian marketplaces are allowed to offer brokerpreferencing on the market's order book. This practice allows incoming orders to a marketplace to match with other orders from the same broker-dealer ahead of similarly priced orders from other broker-dealers, without regard to time priority. To take advantage of broker-preferencing, brokers must elect to publicly display broker IDs when submitting their orders. 6
Dark trading in Canada is subject to restrictions that are similar to rules in other jurisdictions. First, consistent with the principles set out by the International Organization of Securities Commissions (IOSCO), dark orders have lower execution priority than visible orders at the same price. 7 All trades in Canada, including dark trades, are subject to full and immediate post-trade transparency.
Second, the order exposure rule dictates that passive client orders that are below a certain size can only be posted as dark if the client explicitly directs the broker to so do. 8 It is our understanding that during our sample period most brokers did not offer (passive) dark trading as an option to their retail customers; the order exposure rule does not prohibit sending clients' marketable orders to dark venues. The change in dark trading regulations on October 15, 2012, which we describe in detail below, introduced a price improvement rule, which required that dark orders provide meaningful price improvement over the NBBO to marketable orders that were subject to the order exposure rule.
Finally, trades may be pre-arranged off-exchange, before entering orders on a public marketplace, but these trades must still be executed on a public marketplace, respecting all the applicable rules. Pre-arranged trades thus typically involve orders that are large enough so that they were not subject to the order exposure rule or to the new price improvement rule. We omit such trades from our analysis.
OA.2.2. Additional details on marketplaces unaffected by MPIR
Marketplace B, C, and E to F are unaffected by the rule change. Their institutional arrangements throughout our sample period are as follows:
Marketplace B is a lit market that operates as a public limit order book. Broker preferencing is allowed provided the broker chooses to publicly display its broker ID when submitting the order.
Traders may post lit, partially hidden (iceberg), and fully hidden orders. Fully hidden orders may be posted as "mid-point" orders, which are pegged to execute at the floating midpoint of the NBBO, or they may be posted as undisplayed limit orders. Therefore, marketplace B already complied with the dark liquidity rules, before they were introduced. As a result, marketplace B is not directly impacted by the rule change. In principle, this marketplace allows for another form of undisplayed liquidity. Namely, most stocks have a designated market maker or "registered trader" (RT). The RT is in essence a legacy arrangement from the times of floor exchanges, and the RT has some special rights and obligations. For instance, RTs trade against odd-lot (less than 100 share) marketable orders at the currently best-posted prices. They also provide a "minimum guaranteed fill" should liquidity be insufficient and they post liquidity when one side of the order book is empty. One of their rights is the "autofill" functionality, which allows them to trade against marketable orders without posting an order and in violation of time priority. Thus the possibility that the RT has the autofill feature enabled makes it possible that there is additional undisplayed liquidity. This feature is used infrequently: it accounts for less than .5% of dollar-volume. Moreover, a number of RTs never use the feature, and the feature was not affected by MPIR.
Marketplace C is a lit market that operates as a public limit order book. Like marketplace B, it allows lit, iceberg, and fully hidden orders, which may be pegged to the midpoint. Like marketplace B, marketplace C also complied with the new dark liquidity rules before they were introduced. Marketplace C does not offer broker-preferencing.
Marketplaces E and F operate as public limit order books and marketplaces G and H are dark pools. During our sample period, marketplace G is an institutional-only venue, marketplace H offers periodic matching with 1-second random NBBO prices.
Markets A to D operate maker-taker fee models. Different fees apply for lit and dark trades, and fees vary depending on the price of the stock. Details of the fee structure for each market are set out in Table OA .1.
OA.3. Trader classifications
Traders are first classified into four trader types: retail, institutional, high frequency and other. Within the high frequency and other trader categories we also further classify traders into those that provide two-sided liquidity and those that do not.
OA.3.1. Retail traders
In Market A, seek-dark-liquidity (SDL) orders are exclusively available to retail traders.
The use of SDL orders is the choice of the broker, not the customer, and it is our understanding that brokers have to explicitly seek to be connected to venue Ad to use this order type. We extract all trader IDs that use SDL orders from the complete database (which spans January 1, 2012 to June 30, 2013), and we classify these traders as retail. We know with certainty that these trader IDs are used to trade order flow from retail traders, but there may be other trader IDs that represent order flow from retail traders that are not captured by our classification.
OA.3.2. High Frequency Traders
The critical component of high frequency trading is that trading is automated and that traders have the ability to react quickly to market conditions. Definitions used by various regulators or policy institutions (e.g., BAFin in Germany, the European Commission, or the SEC) often include as a requirement that HFTs use many orders, in particular in relation to their trades. In our opinion, using orders or order-to-trade ratios biases the classification against traders or strategies that use only marketable orders.
We focus on reaction speeds as the main metric to identify HFTs, and we use reaction times that are faster than human reaction times (the average duration of a single blink of a human eye is 100-400 milliseconds, according to the Harvard Database of Useful Biological Numbers 9 ).
We further require that trader IDs exhibit fast reaction times for long stretches of time, across many trades, and in many securities. We use two criteria to quantify a trader ID's reaction speed.
Our first criterion is the trader ID's median order-to-cancel time. The order-to-cancel time is the time from the submission to cancellation of the same order; for the purpose of this classification, we exclude immediate-or-cancel (IOC) orders, because their order-to-cancel time is determined by the processing speed of the marketplace.
Our second criterion is the number of trade and order messages that a trader ID submits during a short interval after a daily scheduled public information release. We focus on the first 500 milliseconds after 3:40 p.m., which is when the TSX first publishes the imbalance between the buy and sell orders in its market-on-close facility.
The closing price for TSX-listed securities is determined in a multi-stage process. Before 3:40 p.m., traders may submit market buy and sell orders tagged as market-on-close orders.
These orders will trade at the 4:00 p.m. closing price. At 3:40 p.m., the TSX publishes the imbalances of buy and sell orders, and traders then have the opportunity to submit priced limit orders to trade at the market-on-close to off-set the market order imbalance. The market-on-close imbalance is indicative of the closing price and may help predict behavior over the last 20 minutes of trading.
In aggregate, there is a significant spike in trades immediately after the publication of the market-on-close imbalance, though this spike may not be visible or pronounced on a stock-bystock basis. Figure OA For each trader ID, stock and day we compute the median order-to-cancel speed, and for each trader ID we compute the total number of orders and aggressive trades during the 500 milliseconds after 3:40 p.m. A trader ID is classified as HFT 1. if the median of the traders ID's median stock-day order-to-cancel speeds is below 250 milliseconds, or 2. if the trader ID submits more than 1,000 orders or is involved in more than 500 aggressive transactions in the first 500 milliseconds after the market-on-close publication across all securities in our classification sample during our classification period.
Our HFT group displays the characteristics typically expected of high frequency traders. As a group, they account for 82% of the orders and 83% of order cancellations during our classification period, they account for 53% of all passive trades, and 34% of all aggressive trades. On an average day, the average HFT trades in 136 securities. None of the HFT trader IDs fall into either the retail or institutional investor categories. HFTs are also among the top users of immediate-or-cancel orders, the use of which indicates that the trader is speed sensitive.
OA.3.3. Institutional traders
We conjecture that institutional traders will be involved in large pre-arranged trades and accumulate large inventory positions. We therefore use these two criteria to identify institutions.
First, we extract all trader IDs that involve a client account and that are involved in a so-called "intentional cross". An intentional cross is a trade, usually a large one, that is pre-arranged offexchange by a brokerage, for instance to match two client orders or take an inventory from a client via a liability desk.
Second, we search for trader IDs that accumulate large inventory positions across all Canadian marketplaces. We determine each trader's maximum cumulative position for the classification period in non-cross-listed stocks, assigning a zero inventory at the beginning of the period. We focus on non-cross-listed stocks to reduce the possibility that a seemingly large inventory position of an entity is offset by an equally large position elsewhere. Since a trader may buy in one jurisdiction and sell in another, for instance, to exploit an arbitrage opportunity, it is imaginable that a Canada-only position is off-set by a U.S.-based position. We acknowledge that this classification is imperfect, for instance, because a trader ID may trade on behalf of multiple retail clients who jointly accumulate a large position or because a DMA client may use different trader IDs for buying and selling securities. To mitigate these imperfections, we set a high bar for the required cumulative position. We classify the trader ID as an institution if its maximum cumulative position during the classification period exceeds $10,000,000 in absolute value.
OA.3.4. Unclassified
Traders are unclassified if they do not fall within the prior three categories. In the main body of the paper, we use a threshold value of 0.3. The results are robust to selecting a slightly higher threshold (0.4 or 0.5). A lower threshold, such as 0.2 fails to capture some traders that we believe to be DPMMs and leads to inconsistencies in the classification across the two dark pools. For market Ad, there are 27 IDs with imbalance scores below 1; and there are no IDs with scores between 0.3 and 0.5. For market D, the number of IDs with an imbalance score below 1 is smaller than 10. If we use 0.4 or 0.5 for the threshold value, then we add IDs that account for about 1.8% of liquidity in marketplace D, and there are no changes for market Ad. Doing so does not change the results of our analysis in Table 4 qualitatively (the numerical estimates change slightly), and the cross-trader volume shares reported in Table 1 change slightly. Overall, the sorting of IDs by threshold is very clear in the data (see Figure   OA. 3), and the results are not sensitive to small variations in the classification threshold, and we choose the lowest single-digit number threshold that leads to consistent classifications for both dark pools. 
OA.3.5. Intermediation in the dark
OA.4. Detailed summary statistics by trader type and robustness tests
OA.5. Cost and benefit measures for each trader type
We define a range of cost and benefit measures for each trader type. This section presents summary statistics for additional measure definitions and regression specification for robustness. The figure plots cumulative percentage liquidity provided against the running average of the imbalance score of the traders that supply the liquidity, where we compute the cumulative volume after sorting traders by their imbalance score. The imbalance score is twice the absolute value of the fraction of buy order volume of all order volume less ½. The plot illustrates that the main liquidity providers in market A submit orders in a much more balanced fashion The plot is based on aggregate dollar-volume before the introduction of the dark liquidity rules, from August 27 to October 15, 2012. The vertical line at 0 marks the event date, October 15, 2012. Regressions on the change in liquidity for tick-constrained securities This table presents regressions for the impact of MPIR on bid-ask spreads, depth and the % of the day time that quotes of the respective market are at the NBBO before and after the MPIR. The underlying sample is restricted to the 50 securities that, prior to MPIR have quoted spreads of 1 cent for at least 80% of the trading day. Quoted spreads are measured as time weighted average in cents and basis points of the midpoint; the percentages of time are numbers between 0 and 1; $-depth is measured as the time-weighted average of the local BBO, as the amount contributed to the NBBO, as the amount contributed when at market is at the NBBO. All specifications contain security fixed-effects. Standard errors are clustered by time and security, and t-statistics are in parentheses. * indicates significance at the 10% level, **at the 5% level, and *** at the 1% level. Table OA.7: HF and non-HF dark pool market makers cost and benefit summary statistics This table presents summary statistics for our trading cost and benefit variables for high-frequency (HF) and non-HF dark pool market makers. Returns to trading are defined in Section 8.2.1 (equation (7)); these are measured as the minimum of buying and selling volume multiplied with the difference of volume weighted average selling and buying prices for the respective trader group. Maker-taker fees are the sum of all make rebates received less take fees paid. Maker-taker fees are reported in total dollars, basis points and cents per share traded. Results are reported for all venues, Ad and Al together, and Al alone. 
HF
